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Introduction
Commercial transportation grade gasoline is widely used for light duty vehicles, and is a complex mixture of hundreds of hydrocarbons, primarily spanning C 4 -C 10 , including linear and branched paraffins, naphthenes, olefins and aromatics [1] . The composition of gasoline may vary considerably depending on its origin and refining/upgrading process [2] . State-of-the-art advanced combustion engine (ACE) technologies, such as homogeneous charge compression ignition (HCCI), reactivity controlled compression ignition (RCCI), gasoline compression ignition (GCI), premixed charged compression ignition (PCCI) and their variants, are expected to be more efficient [3, 4] , and will have a reduced environmental footprint associated with hydrocarbon combustion [5] . Fuel reactivity and ignition characteristics are the fundamental parameters controlling ignition in these ACE technologies [6] [7] [8] . Therefore, the development and validation of chemical kinetic mechanisms for gasoline-like fuels is very important. Due to the complex composition of gasoline, or any real fuel for that matter, it is an arduous task to assemble a chemical kinetic mechanism for all of the constituents. This difficulty is overcome by formulating a simple surrogate fuel which emulates the target properties of the real fuel.
Generally, these target properties include the desired combustion properties (ignition delay, flame speeds, etc.) and/or physical properties (molecular weight, H/C ratio, viscosity, density, distillation curve, etc.). However, it should be noted that a given surrogate may not be able to emulate all of the targets and, therefore, care must be taken in selecting a particular surrogate.
Good accounts on surrogate fuel formulation strategies can be found in [8] [9] [10] [11] [12] [13] [14] .
Primary reference fuel (PRF) surrogates are among the simplest surrogates employed to emulate gasoline ignition. A PRF is a bi-component mixture of n-heptane (octane number defined to be 0) and iso-octane (octane number defined to be 100), with PRF xx meaning xx% iso-octane and 1 -xx% n-heptane by volume. Gasoline fuels are knock rated, having both a
Research Octane Number (RON) and a Motor Octane Number (MON), based on comparisons with PRF blends in a cooperative fuels research (CFR) engine. Due to the traditional use of nheptane and iso-octane as gasoline surrogate components, several experimental [15] [16] [17] and modeling efforts [18] [19] [20] [21] are available in the literature describing the ignition of n-heptane and iso-octane. A few chemical kinetic modeling and experimental studies have also focused on describing the ignition of PRF blends [16, [22] [23] [24] [25] [26] [27] .
It has been shown that a PRF surrogate captures the ignition of a high-paraffinic content gasoline reasonably well at temperatures above 850 K [28] . Sarathy et al. [28] showed that for two highly paraffinic gasoline fuels, FACE (Fuels for Advanced Combustion Engines; Conoco Philips) gasoline A and C, a PRF surrogate was more reactive at low temperatures (< 850 K) compared to the gasoline fuels. Commercial gasoline fuels generally have high aromatic content (~ 20 -30 %) and some other non-paraffinic (~ 5 -10 %) components [1] . Consequently, such fuels tend to have a high sensitivity (S = RON -MON) which can be thought of as a measure of the non-paraffinic content of the fuel. A PRF surrogate by definition has zero sensitivity and will not be able to emulate the ignition behavior of a real gasoline fuel. Kalghatgi and coworkers [13, 14] demonstrated that PRF surrogates cannot be used to rate a gasoline based on the primitive RON and MON testing methods. This discrepancy is due to the fact that real gasoline, due to its high sensitivity (S ~10), matches different PRF blends at different engine operating conditions.
They proposed the use of toluene/n-heptane [14] and toluene/n-heptane/iso-octane [13] blends as more suitable gasoline surrogates. Kalghatgi et al. [13] developed correlations to calculate the composition of a toluene/n-heptane/iso-octane surrogate to match the RON and sensitivity of a target gasoline for a wide range of octane numbers. By matching both RON and sensitivity, the surrogate is expected to capture the real fuel reactivity over a wide range of conditions.
There have been a few fundamental ignition studies of surrogates comprising three or more components. Gauthier et al. [29] studied the auto-ignition characteristics of n-heptane/air, RD387 gasoline/air, and ternary surrogate/air (63% iso-octane / 20% toluene / 17% n-heptane by volume) mixtures in a shock tube facility. They showed that the auto-ignition behavior of the RD387 gasoline was well-reproduced by the ternary surrogate. Vanhove et al. [23] studied an iso-octane/1-hexene/toluene ternary blend in a rapid compression machine, interestingly preferring 1-hexene over n-heptane to produce low-temperature reactivity. Kukkadapu et al. [30] measured ignition delay times of RD387 in a rapid compression machine and the results agreed well with the work of Gauthier et al. [29] . In further studies, Kukkadapu et al. [31, 32] reported better agreement of a four component (iso-octane/n-heptane/toluene/2-pentene) surrogate with ignition delay times of RD387 at lower temperatures compared to the ternary surrogate proposed by Gauthier et al. [29] . Sarathy et al. [28] used five-(n-butane/iso-pentane/2-methylhexane/nheptane/iso-octane) and six-(n-butane/iso-pentane/2-methylhexane/n-heptane/toluene/iso-octane) component surrogates to simulate low-temperature ignition of FACE gasolines A and C, respectively.
Previous work has thus shown that ternary blends of toluene/n-heptane/iso-octane (henceforth referred to as TPRF) can serve not only as adequate gasoline surrogate candidates on their own but may also be major constituents of the more complex multi-component surrogates.
This is because TPRF surrogates can emulate the aromatic, n-paraffinic and iso-paraffinic content present in a real gasoline, where these three classes represent > 90% of the chemical content of commercially available distillate gasoline fuels. However, wide-ranging fundamental studies of TRPF ignition and chemical kinetic development are not available in the literature.
The objective of the current work is to provide a large dataset of experimental ignition delay times of TPRF blends for use in the refinement and development of surrogate kinetic models. were formulated to match the RON and sensitivity of two certified gasoline and two prospective naphtha-like fuels. These data are the first of their kind and will form highly valuable dataset for future gasoline surrogate mechanism development and validation.
Methods

TPRF Surrogate Formulation
Several methodologies have been proposed in the literature to formulate TPRF surrogates for gasoline fuels [13, 33, 34] . Morgan et al. [33] developed a second-order volume-based model to derive TPRF surrogate composition corresponding to the RON and MON of the target fuel.
Kalghatgi et al. [13] , on the other hand, proposed a second-order method on molar basis. Both works relied on engine octane data to optimize the correlations. Pera et al. [34] used octane ratings and the carbon, hydrogen and oxygen content of the target gasoline (ULG 95) to optimize the TPRF surrogate. However, they used linear by volume blending method which can potentially introduce errors in determining surrogates composition [33] . The TPRF surrogates studied in this work were formulated based on the correlations developed by Kalghatgi et al. [13] . by Kalghatgi et al. [13] . For brevity, the surrogate blends henceforth will be referred as TPRF xx where xx represents the RON of the surrogate blend. 
Experimental Details
The experiments reported in this study were performed in the high-pressure shock tube (HPST) facility at King Abdullah University of Science and Technology (KAUST) and in a rapid compression machine (RCM) at the National University of Ireland, Galway (NUIG). Both of these facilities have previously been described in the literature [35] and only a brief overview is given here.
The HPST at KAUST is constructed from stainless steel with an inner diameter of 10 cm.
The driven section is 6.6 m long and the driver section has a modular design to vary its length from 2.2 m to a maximum of 6.6 m. The mid-section of the tube houses two pre-scored aluminum diaphragms in a double-diaphragm arrangement which allows better control of the post-reflected shock conditions compared to single diaphragm arrangement. The driven section of the shock tube can be pumped down to very low pressures using turbo-pumping to achieve high-purity conditions. A molar ratio of 3.76:1 of N 2 :O 2 was used to prepare TPRF/air mixtures in a magnetically-stirred mixing tank. In the current experiments, the driven section of the shock tube and the mixing tank were heated to 75 o C. The uniformity of the driven section temperature was ensured using various independent temperature controllers. Incident shock speed was measured by six equispaced pressure sensors placed axially along the last 3.7 m from the driven section end-wall. Thermodynamic conditions behind the reflected shock were calculated using standard shock jump relations; estimated uncertainties in pressure and temperature were less than 1%. Ignition delay times were determined using side-wall pressure (1 cm from end-wall) and OH* chemiluminescence measurements through the side-wall and end-wall ports (see Figure 1 ).
The estimated uncertainty in the shock tube ignition delay measurements is ± 20%. A gradual pressure rise, dp/dt, of about 2 -3 %/ ms was observed behind the reflected shock waves. To take this into account, a 3%/ms dp 5 /dt was imposed on the constant volume reactor simulations [36] ; henceforth referred as 'shock tube simulations'.
An RCM compresses a fixed mass of premixed fuel/oxidizer/diluent mixture to elevated temperatures and pressures, thereby simulating the compression stroke of an engine cycle. The RCM at NUIG (National University of Ireland, Galway) is different from most other RCMs in that it has a twin-opposed piston configuration, resulting in a relatively fast compression time of about 16 ms. Creviced piston heads were used to increase the post compression temperature homogeneity by suppressing the roll-up vortex in the combustion chamber [37] . The desired conditions at the end of compression can be achieved by varying the compression ratio, the initial pressure (p 0 ), the initial temperature (T 0 ) and the diluent gas compositions. The compressed gas temperature, T c , was calculated using the adiabatic core hypothesis [38] :
where p c refers to the measured pressure at the end of compression and γ is the ratio of specific heats. Dynamic pressure profiles (see Figure 1) were measured using a piezoelectric pressure shock tube and RCM data under specific conditions are being investigated in a larger collaborative framework and is beyond the scope of this work. Nonetheless, it is important to highlight systematic differences seen between commonly used fundamental experimental devices.
Effect of Equivalence Ratio
The 
Effect of Octane Number
The effect of octane number on ignition delay times of TPRF 70, 80, 91 and 97.5 mixtures is shown in Figure 7 (for φ = 1) and Figure 8 (for φ = 0.5). The figures show that at high temperatures (T > 1000 K), the measured and simulated ignition delay times of all of the fuels show very similar ignition delay times. At very low temperatures (T < 700 K), the measured and simulated ignition delay times show a weak dependence on the research octane number (RON) of the fuel. At low temperatures, this octane dependence is more pronounced for the higher RON fuels i.e., there is on average a factor of 2 -3 difference between the ignition delay times of TPRF 97.5 (RON 97.5) and TPRF 91 (RON 91) mixtures. This difference diminshes as we move to lower RON fuels, as can be seen by the negligible reactivity differences between TPRF 80
(RON 80) and TPRF 70 (RON 70). Another way to consider this reactivity difference at low temperatures is by looking at the sensitivity of these fuels. The sensitivity of the studied fuels decreases from TPRF 97.5 (S = 10.9) to TPRF 70 (S = 4). This indicates that large reactivity differences at low temperatures for TPRF 97.5 and TPRF 91 mixtures compared to TPRF 80 and TPRF 70 mixtures are primarily driven by the non-paraffinic content (toluene) present in these fuels. Therefore, it can be argued that, at low temperatures, the octane dependence of TPRFs will only be significant for high sensitivity TPRF fuels, i.e., fuels composed of a large non-parffinic content.
The largest effect of octane number on the reactivity (ignition delay times) is observed in the NTC region (near 750 -850 K). It can be seen clearly in Figure 7 (for φ = 1) and Figure 8 (for φ = 0.5) that the ignition delay times correlate very well with the octane number of these fuels, i.e., the fuel with the highest octane number (RON) has the longest ignition delay times and the reactivity increases (ignition delay time decreases) with a decrease in octane number (RON). Mehl et al. [43, 44] have shown that ignition delay times in the NTC region (at 825 K and 25 atm) correlate well with the RON of fuels. Sarathy et al. [45] and Badra et al. [46] also formulated methodologies to correlate NTC region ignition delay times to RON and MON. The results from the current study also confirm that correlations between octane ratings (RON, MON, S) and ignition delay times for TPRF surrogates can be best formulated in the NTC region. 
Chemical Kinetic Analyses
In the previous section (Section 3.3), several observations were made about the dependence of ignition delay times of the TPRFs on the octane number of the fuel. Firstly, at high temperatures, very little effect of octane number on the ignition delay times was observed.
Furthermore, at low temperatures, a weak octane number dependence was observed, and this dependence was pronounced for high-RON and high-sensitivity fuels (TPRF 97.5, TPRF 91) compared to low-RON and low-sensitivity fuels (TPRF 80, TPRF 70). Finally, a strong dependence of octane number on the ignition delay times was observed in the NTC region. We will now explain these trends using chemical kinetic analyses.
At high temperatures (T > 1000 K), ignition is primarily controlled by the thermal chain branching of H 2 O 2 to produce two ȮH radicals via the reaction
which is favored more or less equally for various fuels studied here. This results in very similar ignition delay times at high temperatures and hence an almost indistinguishable dependence of ignition delay times on octane number at high temperatures.
At low temperatures (T < 700 K), degenerate chain branching to produce ȮH radicals primarily controls the ignition of typical paraffinic fuels [47] . A rate of production (ROP)
analyses based on ȮH radicals are utilized here ( Figure 9 ) to highlight key similarities and differences between the various fuels studied here. There is significant temperature rise associated with ignition (first and second stage). Therefore, to assess the effects of kinetics on the ignition process, any kinetic analysis should be performed at times adequately before the ignition associated temperature rise. In this work the ROP analyses are performed at times corresponding to 2/3 of exponential OH radicals buildup which also roughly corresponds to 2/3 of ignition delay time, and hence have negligible effects temperature rise associated with ignition (first and second stage). This definition is in line with the guidelines provided by Merchant et al. [48] . It can be seen that H-abstraction from the fuel (n-heptane/iso-octane/toluene) is responsible for ȮH radical consumption (negative ROP) for all cases. However, these consumption channels are widely different as we go from high-RON, high-sensitivity fuels (TPRF 97.5, TPRF 91) to low-RON, low-sensitivity fuels (TPRF 70, TPRF 80). relatively un-reactive at lower temperatures. The subsequent ignition of high toluene concentration fuels, even at low temperatures, is controlled by H 2 O 2 decomposition due to the temperature increase associated with the exothermicity of the oxidation of toluene to benzyl radical (and subsequently benzylaldehyde) and water [23] . On the other hand, the highly reactive n-heptyl radicals formed by H-abstraction by ȮH radicals in the TPRF 80 and 70 mixtures follow the expected low-temperature degenerate chain branching pathways [47] to produce ȮH radicals (positive ROP). The n-heptyl radicals react with molecular oxygen to form alkylperoxy radicals, which then undergo a series of isomerization and oxygen addition reactions to form ketohydroperoxides (KHPs) and ȮH radicals. The decomposition of KHPs produces additional ȮH radicals, resulting in an exponential growth of ȮH radicals and ignition. It can be concluded from the ROP analyses that n-heptane primarily controls ȮH consumption for TPRFs with low sensitivity / low RON (TPRFs 70 and 80) and, therefore, relatively weak octane dependence is seen at low temperatures for these low sensitivity TPRFs. On the other hand, significant octane dependence observed for the high sensitivity / high RON TPRFs may be attributed to the toluene kinetics. Production of HȮ 2 radicals, through either mechanism, renders the system unreactive and is the main cause of the NTC behavior. Once formed, HȮ 2 radicals are mainly converted to H 2 O 2 (RH + HȮ 2 ↔ R + H 2 O 2 ), and, therefore, the eventual chain branching of H 2 O 2 to produce two ȮH radicals controls ignition in the NTC region. Figure 10 shows the HȮ 2 ROP analyses for various TPRF fuels examined in this study. It can be seen that HȮ 2 radical production (positive ROP) is favored much more for the TPRF 70 mixture compared to the other mixtures, and as such it correlates well with the RON and sensitivity of the TPRF fuels (smaller the RON and sensitivity, larger the HȮ 2 radical production). This is why both experimental data and simulations in the previous section showed enhanced NTC behavior for TPRF 70 mixtures compared to the other ternary blends. It can also be seen in Figure 10 that the production of HȮ 2 radicals is much lower for TPRF 97.5 mixture compared to other fuels, and this is the primary reason for the near negligible NTC behavior for TPRF 97.5. Moreover, the figure also shows that the consumption of HȮ 2 radicals (negative ROP) to produce H 2 O 2 and its further decomposition to two ȮH radicals (not shown here) are much more favored for TPRF 70 mixtures compared to others. This is the primary reason for the increased reactivity (shorter ignition delay times) of TPRF 70 mixtures compared to other fuels in the NTC region. 
Conclusions
Ignition delay times of a wider range of toluene/iso-octane/n-heptane mixtures (TPRFs) have been measured in this study. The LLNL mech [39] was used to simulate and interpret these data. It is shown that the mechanism predictions are in good agreement with the shock tube data but improvements are necessary to better simulate the low-temperature RCM data. Refinements in the mechanism are particularly required to simulate the high toluene content fuels. It is shown that the TPRF fuels show a negligible octane dependence at high temperatures, a weak octane dependence at low temperatures and a strong octane dependence in the NTC region. At low temperatures, the octane dependence is more pronounced for the high-RON, high-sensitivity fuels and is attributed to the non-paraffinic (toluene) content. In the NTC region, the fuels with low RON and low sensitivity produce larger concentrations of HȮ 2 and H 2 O 2 , and hence show the most prominent NTC behavior and ignition advancement compared to the high-RON, highsensitivity fuels. These comprehensive ignition delay time measurements provide highly valuable benchmark datasets for further development and validation of gasoline surrogate mechanisms.
